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Lithium  ion  batteries  (LiB)  are  cycled  under  a  galvanostatic  regime  ( ~  C/2-rate)  between  2.75  V  and  4.2  V 
for  up  to  1000  cycles.  After  each  completed  100  cycles,  the  discharge  capacity,  capacity  loss,  average 
discharge  potential  were  determined  under  the  same  C/2  rate.  Then  cells  undergo  an  additional  charge 
and  discharge  cycle  at  C/6  rate  followed  by  a  thermodynamics  measurements  test.  This  enables  open- 
circuit  potential  (OCP),  entropy  (AS)  and  enthalpy  (AH)  data  to  be  assessed. 

It  is  found  that  with  increasing  cycle  number,  the  entropy  and  enthalpy  profiles  show  more  significant 
changes  than  those  observed  in  the  discharge  and  the  OCP  curves  especially  at  particular  SOC  and  OCP 
values.  These  differences  are  attributed  to  the  higher  sensitivity  of  entropy  and  enthalpy  state  functions 
to  changes  in  the  crystal  structure  of  the  graphite  anode  and  the  lithiated  cobalt  oxide  (LCO)  induced  by 
cycle  aging  compared  to  the  free  energy  AG  (OCP)  alone.  The  thermodynamics  data  are  supported  by 
post-mortem  X-ray  diffractometry  (XRD)  and  Raman  scattering  (RS)  analyses  on  the  electrode  materials. 
The  results  show  important  LCO  crystal  structure  degradation,  whereas,  surprisingly,  the  graphite  anode 
remains  almost  unaffected  by  heavy  cycling,  if  not  improved. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

It  is  common  knowledge  that  rechargeable  batteries  in  gen¬ 
eral  and  LiB  in  particular  will  experience  a  natural  decrease  in 
energy  storage  performance  upon  extended  cycling  [1-8].  The 
main  parameters  controlling  battery  performance  decaying  with 
cycle  number,  N  are:  1)  depth  of  discharge  (DOD)  [1,9,10],  2) 
depth  of  charge  (DOC)  [10,11],  3)  rates  of  charge  and  discharge 
[12-14],  4)  temperature  [15-19],  5)  over-charge  [20-22],  and  6) 
over-discharge  [19].  Performance  decay  with  N  includes 
decreased  discharge  capacity  and  average  discharge  potential 
[1,10,12-14],  decreased  power  output  5,17,23]  and  increased 
internal  resistances  [12,24-26],  Performance  decay  originates 
from  degradation  of  electrode  and  electrolyte  materials  upon 
aging  and  occasionally  from  losses  in  electrical  contacts 
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between  active  materials  in  the  anode,  cathode  and  current 
collector  [27]. 

In  this  study  LiB  coin  cells  were  cycled  under  constant  charge 
and  discharge  rate  of  ~C/2  between  2.75  V  and  4.2  V  at  ambient 
temperature  in  100  cycle  batches  for  up  to  1000  cycles.  After  each 
100  cycles,  the  cells  underwent  an  additional  charge  and  discharge 
cycle  under  C/ 6-rate  enabling  discharge  capacity  {qdW)  and 
average  discharge  potential  (<ed(N)>)  to  be  assessed.  Then  a 
thermodynamics  measurements  test  on  the  cells  was  run  following 
which  entropy  and  enthalpy  data  were  collected  and  plotted  vs. 
SOC  and  OCP. 

We  found  well  defined  SOC  and  OCP  areas  where  entropy  and 
enthalpy  data  show  significant  changes  compared  with  barely 
detectable  changes  in  the  corresponding  discharge  and  OCP  pro¬ 
files.  Differences  in  data  resolution  between  entropy  and  enthalpy 
on  one  hand  and  OCP  on  the  other  hand  are  attributed  to  amplified 
changes  in  thermodynamics  characteristics  of  anode  and  cathode 
with  cycle  aging  at  particular  SOC  and  OCP  values  where  phase 
transitions  and  phase  conversion  takes  place. 

Post-mortem  XRD  and  RS  analyses  performed  on  anode  and 
cathode  of  a  fresh  cell  and  of  a  1000  times  cycled  cell  provide  direct 
evidence  for  LCO  crystal  structure  degradation  and  graphite 
structure  resilience  if  not,  surprisingly,  enhancement. 
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2.  Experimental 

2.1.  Cycling  condition  and  capacity  loss  determination 

LiB  coin-cells  (2032,  rated  -44  mAh)  are  used  in  this  study. 
Cells  were  cycled  between  2.75  V  and  4.2  V  under  20  mA  constant 
current  (  — C/ 2-rate)  at  the  ambient  temperatures  using  an  Arbin 
Instruments  Battery  Cycler.  After  each  completed  100  cycles,  the 
cells  discharge  capacity,  capacity  loss,  average  discharge  potential 
and  energy  under  the  same  C/2-rate  were  determined. 

2.2.  Thermodynamics  measurements  and  state  of  charge 
determination 


respectively.  Fig.  2a  and  b  shows  both  discharge  capacity  and 
average  discharge  voltage  <e&>  decreased  with  N,  as  one  expects. 
Reported  in  Table  1  are  the  discharge  characteristics  data  including 
<?d(N),  <ed(N)>,  discharge  energy  Fd(N)  =  qdW  x  <qdW>  and 
capacity  qc i(N)  loss  given  by: 


Qcm 


<7d0) 


x  100 


(3) 


(qd(l)  =  discharge  capacity  after  1  cycle).  The  Fd(N)  trace  dis¬ 
played  in  Fig.  2c  varies  almost  linearly  (R  =  99.3%)  with  N  according 
to: 


£d(N)(mWh)  =  133.6  —  0.0527  x  N 


(4) 


After  each  finished  100  cycles  cells  are  transferred  to  the  Elec¬ 
trochemical  Thermodynamics  Measurement  System  instrument 
(ETMS,  Battery  Analyzer  BA-1000®,  KVI  PTE  LTD,  Singapore)  to  run 
following  sub-steps: 

a  Conditioning  cycle:  Cells  are  charged  to  4.2  V  under  C/6  rate 
then  a  constant  4.2  V  was  applied  until  the  current  dropped 
below  0.05  mA  ( -  C/900).  Cells  were  then  discharged  to  2.75  V 
under  C/6-rate  and  a  constant  2.75  V  voltage  was  held  until 
current  drops  again  below  0.05  mA.  In  this  cycle  the  ETMS 
determines  the  cells’  charge  and  discharge  capacity.  The  later  is 
used  to  determine  the  SOC  during  the  next  step, 
b  Electrochemical  Thermodynamics  Measurements  (ETM)  test  in 
which  the  cells  are  charged  by  5%  increments  up  to  4.2  V  at  C/6 
rate  where  SOC  =  100%.  At  each  SOC  the  cells  temperature  T  is 
decreased  from  the  ambient  temperature  ( -25  °C)  to  10  °C  by 
5  °C  steps  and  the  cells’  OCP  is  monitored.  After  the  last  tem¬ 
perature  step  at  10  °C  is  completed  the  temperature  is  left  to 
rise  to  25  °C  then  an  additional  5%  increment  is  applied  to  the 
SOC.  This  enables  entropy  and  enthalpy  to  be  determined  ac¬ 
cording  to  Eqs.  (1)  and  (2),  respectively. 

ASM  -  f(2^2)w  (1) 

AH(x)  =  -F(£o(x,T)+T(8£°g’T))  .  )  (2) 

where  F0  (xj)  is  the  OCP  at  temperature  T,  x  =  SOC,  F  =  Faraday 
constant,  p  =  pressure 

The  same  cells  were  then  cycled  again  for  an  additional  100 
cycles  until  reaching  1000  cycles. 

At  the  end  of  1000  cycles,  one  cell  out  of  four  used  in  this  study 
was  discharged  to  2.75  V  and  opened  in  a  dry  box  filled  with  argon. 
The  anode  and  cathode  were  then  washed  with  DMC  dried  in 
vacuum,  and  mechanically  separated  from  their  respective  copper 
and  aluminum  substrates.  Electrode  powders  were  analyzed  by 
XRD  (Bruker  D8  Advance  diffractometer)  using  CuKa  radiation  in 
the  angular  range  of  15°-90°  (26)  for  cathode  and  20°-90°  (26)  for 
anode  with  0.02°  20-step,  and  by  Raman  scattering  RS  spectrom¬ 
etry,  using  Renishaw  inVia  Raman  microscope  in  the  backscattering 
geometry  at  room  temperature.  Excitation  was  carried  out  with  the 
514  nm  radiation  of  an  argon  ion  laser  of  20  mW  power. 

3.  Results  and  discussion 

3.1.  Discharge  results 


Ed(N)  dropped  by  22%  and  39%  after  500  and  1000  cycles, 
respectively  corresponding  to  an  average  decrease  rate  of  0.094% 
per  cycle. 

The  cells’  OCP  profiles  vs.  qd  and  SOC  are  traced  in  Fig.  3a  and  b, 
respectively.  Contrarily  to  the  OCP  vs.  qd  profiles,  which  show  sig¬ 
nificant  variation  with  N,  the  OCP  vs.  SOC  curves  in  Fig.  3b  lay  on  top 
of  each,  except  at  0%  and  5%  SOC  values.  The  OCP  vs.  SOC  results 
should  relate  to  the  fact  that  at  each  SOC  (and  at  constant  tem¬ 
perature  and  pressure),  the  cathode  and  the  anode  equilibrium 
potentials;  Fj(SOC,JV)  and  Eq(SOC,N)  depend  only  on  the  lithium 
stoichiometry  in  the  active  fraction  of  cathode  and  anode.  After 
each  cycle  the  fraction  of  active  anode  and  active  cathode  de¬ 
creases.  Because  SOC  normalizes  the  active  part  of  anode  and 
cathode  to  100%,  the  OCP  given  in  Eq.  (5)  will  vary  a  little  with  N, 
which  explains  the  superposition  of  the  OCP  vs.  SOC  curves. 


Fig.  la  and  b  shows  the  discharge  profiles  vs.  discharge  capacity 
qd  (mAh)  and  vs.  normalized  capacity  (or  state  of  discharge  SOD), 


Fig.  1.  Discharge  profiles  (C/ 2-rate)  of  LiB  cells  after  cycling  vs.  discharge  capacity  (a) 
and  vs.  state  of  discharge  (SOD). 
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Cycle  number 


Cycle  number 


Cycle  number 

Fig.  2.  Cells  capacity  profile  (a),  average  discharge  potential  (b)  and  energy  (c)  vs.  cycle 
number. 


OCP  =  Eq  (SOC,  N)  -  Eq  (SOC,  N)  (5) 

The  OCP  data  dispersion  at  0%  SOC  (discharged  state  at  2.75  V)  in 
Fig.  3a  should  be  attributed  to  residual  lithium  present  in  the 
graphite  anode  and/or  of  lithium  vacancies  in  the  LCO  cathode  as 
shown  in  our  recent  study  performed  on  identical  LiB  cells  aged  at 
high  temperatures  [28].  Residual  lithium  in  the  anode  and  lithium 


Table  1 

Discharge  capacity,  average  discharge  potential,  capacity  loss  and  discharge  energy 
of  LIB  cells  data  with  cycle  number. 


Cycle  number 

qd  (mAh) 

<?cl(%) 

<ed>  (V) 

Ed  (mWh) 

1 

36.58 

— 

3.72 

136 

100 

34.28 

6.3 

3.73 

128 

200 

32.92 

10 

3.72 

122 

300 

31.78 

13.1 

3.68 

117 

400 

30.75 

15.9 

3.67 

113 

500 

29.11 

20.4 

3.65 

106 

600 

28.10 

23.2 

3.65 

103 

700 

25.99 

28.9 

3.65 

95 

800 

25.19 

31.1 

3.58 

90 

900 

24.40 

33.3 

3.56 

87 

1000 

23.55 

35.62 

3.54 

83 

vacancies  in  the  cathode  will  affect  the  OCP  value.  Moreover,  we 
also  reported  an  important  change  in  entropy  and  enthalpy  in  the 
graphite  anode  around  5%  SOC  relating  to  the  phase  transition  from 
graphite  to  dilute  stage- 1  lithium-graphite  intercalation  com¬ 
pound  [29].  Such  a  steep  change  in  thermodynamics  properties  of 
the  graphite  anode  should  account  for  the  OCP  data  dispersion  at 
5%  SOC. 


State  of  charge,  SOC  (%) 

Fig.  3.  Open  circuit  potential  profile  of  cycled  LIB  cells  vs.  capacity  (a)  and  vs.  SOD  (b). 
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3.2.  Entropy  and  enthalpy  data 


Derivation  of  Eq.  (6)  yields: 


Fig.  4a  and  b  shows  the  entropy  profiles  of  cycled  cells  vs.  SOC 
and  OCP,  respectively  and  Fig.  5a  and  b  shows  the  corresponding 
enthalpy  profiles.  Insets  in  Figs.  4a  and  b,  5a  and  b  highlight  SOC 
and  OCP  areas  where  changes  in  entropy  and  enthalpy  data  are 
relatively  important.  Specifically,  the  area  around  70%,  85%  and  90% 
SOC  in  Fig.  4a  and  the  area  around  3.95  V,  4.05-4.06  V  and  4.075- 
4.08  V  in  Fig.  4b  are  those  within  which  entropy  and  enthalpy 
profiles  show  the  most  significant  changes. 

As  discussed  in  our  recent  thermodynamics  studies  on  identical 
LiB  cells  during  thermal  [28]  and  overcharge  [30]  aging,  the  above 
mentioned  particular  SOC  and  OCP  areas  are  associated  with  crystal 
structure  changes  in  LCO  cathode  including,  1)  reversible  phase 
transition  from  hexagonal  to  monoclinic  symmetry,  and  2)  irre¬ 
versible  conversion  from  hexagonal  to  cubic  (spinel)  symmetry. 

Although  observable  in  the  enthalpy  profiles  in  Fig.  5a  and  b,  the 
changes  in  the  particular  SOC  and  OCP  areas  are  less  pronounced 
than  in  the  associated  entropy  curves  of  Fig.  4a  and  b,  respectively. 
One  possible  explanation  of  difference  between  entropy  and 
enthalpy  may  originate  from  that  entropy  is  more  sensitive  to 
structural  disorder  and  phase  transformation  than  the  enthalpy  is. 
Configurational  (mixing)  entropy  in  a  solid  solution  system  is 
given  by: 

S(x)  =  -/<[xlnx+(l  -x)ln(l  -x)]  (6) 

where  x  =  fraction  of  Li+  occupied  sites  in  graphite  and  in  LCO  and 
k  =  Boltzmann’s  constant. 


=  (tt),,  *  -kl"T^  <7> 

Accordingly,  AS(x)  should  increase  steadily  at  phase  transition 
around  x  =  1. 

By  contrast,  enthalpy  relates  to  heat  generated  by  M-0  (M  =  Co, 
Li)  bonds  breaking  and  reconstruction  and/or  by  M06  octahedra 
and  M04  tetrahedra  distortion  at  phase  transition,  both  being  finite. 
Therefore,  the  entropy  contribution  to  the  free  energy  should  be 
higher  than  that  of  enthalpy. 

Another  interesting  feature  in  Figs.  4a  and  5a  is  the  small 
change,  if  any  in  the  entropy  and  enthalpy  values,  respectively  at  5% 
SOC.  As  pointed  out  above,  at  5%  SOC  the  graphite  anode  undergoes 
a  phase  transition  from  graphite  to  dilute  stage-1  lithium  graphite 
intercalation  compound  [29].  The  energetics  of  such  a  transition  is 
affected  by  changes  in  the  crystal  structure  of  the  graphite  anode. 
Since  entropy  and  enthalpy  values  at  5%  SOC  vary  little  with  N,  the 
anode  crystal  structure  should  remain  unaffected  with  cycle  aging. 
This  later  result  strongly  contrasts  with  our  previous  thermody¬ 
namics  studies  during  overcharge  and  thermal  aging  where  we 
reported  important  changes  in  the  entropy  and  enthalpy  data  at  5% 
SOC.  Accordingly,  the  performances  decay  in  LiB  upon  cycling  at  the 
ambient  temperatures  is  controlled  by  the  LCO  cathode  structure 
degradation  rather  than  that  of  the  anode.  Our  statement  is  further 
supported  by  post  mortem  analyses  on  anode  and  cathode  by  XRD 
and  RS  discussed  in  the  next  section. 


State  of  charge,  SOC  (%) 


State  of  charge,  SOC  (%) 


Fig.  4.  Entropy  profiles  of  cycled  LIB  cells  during  charge  vs.  state  of  charge  (a)  and  vs.  Fig.  5.  Enthalpy  profiles  of  cycled  LIB  cells  during  charge  vs.  state  of  charge  (a)  and  vs. 
open-circuit  potential  (b).  open-circuit  potential  (b). 
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Fig.  6.  X-  ray  diffractograms  of  graphite  anode  material  taken  from  a  fresh  LIB  cell  (A)  and  from  a  1000  cycle  cell  (B);  full  spectrum  (a)  and  in  the  002  peak  area  (b). 


3.3.  XRD  and  Raman  characterization 
3.3 A.  Graphite  anode 

The  XRD  and  the  RS  analyses  data  performed  on  the  graphite 
anode  and  the  LCO  cathode  taken  from  a  fresh  (N  =  1 )  cell  and  from 
a  cell  after  1000  cycles  will  be  compared  here.  Fig.  6a  shows 
extended  X-ray  diffractograms  of  the  graphite  anode  before  (A)  and 
after  (B)  1000  cycles.  Fig.  6b  highlights  the  002  peak  area 
(25.6°  <28  <  26.8°).  The  graphite  002  peak  of  the  cycled  sample 
shifted  to  lower  angles  and  became  narrower.  A  shift  to  lower  an¬ 
gles  of  the  002  peak  suggests  the  presence  of  residual  lithium  in  the 
graphite  structure  (Li£C6,  e  ~  0)  due  to  incompleteness  of  Li  ion  de¬ 
intercalation  [31,32].  We  found  similar  results  in  overcharge  and 
thermally  aged  identical  LiB  cells  [28,30].  Residual  lithium  in  the 
discharged  anode  should  be  due  to  kinetical  reasons  such  as  growth 
of  a  more  and  more  resistive  solid  electrolyte  interphase  (SEI)  on 
the  surface  of  the  graphite  anode  particles  upon  cycling  [33-35]. 
Such  a  resistive  SEI  hinders  lithium  from  complete  transfer  from 
the  electrode  to  the  electrolyte  at  the  end  of  discharge.  The  SEI 
formation  should  also  account  for  the  cells’  irreversible  capacity 
loss  since  lithium  is  consumed  during  the  SEI  growth  and  for  lower 
average  discharge  potentials  as  displayed  in  Table  1. 

The  narrowing  of  the  002  peak  after  1000  cycles  is  a  less  ex¬ 
pected  result.  It  suggests  an  enhancement  of  the  graphite  crystal 
structure  during  the  cells’  extended  cycling.  At  the  ambient  tem¬ 
peratures  and  under  mild  charge  and  discharge  rates  such  as  C/2, 
within  the  potential  window  of  2.75  V— 4.2  V,  the  graphite  crystal 
structure  is  not  expected  to  degrade  much  owing  to  a  highly  pro¬ 
tective  SEI.  By  contrast,  during  high  temperatures  and  overcharge 
aging,  the  SEI  dissolves  in  the  electrolyte  and/or  degrades  leading  to 
enhanced  permeability  to  the  organic  solvent  molecules  present  in 
the  electrolyte  28,30].  Solvent  molecules  tend  co-intercalate  into 
the  graphite  causing  crystal  structure  degradation  and  huge  c- 
parameter  expansion  (exfoliation)  [36]. 

Moreover,  XRD  data  show  the  graphite  anode  material  used  in 
the  cells  has  an  interlayer  spacing  of  3.37  A  (002  peak  position  of 
26  =  26.45°  in  Fig.  6b  (A)).  3.37  A  is  sizeably  higher  than  3.35  A 
characteristic  of  carbons  with  100%  graphitization  degree  37]. 
Accordingly,  the  graphite  anode  has  imperfect  crystallinity,  which 
goes  with  an  initial  broad  002  peak. 


Structural  disorder  in  the  graphite  anode  is  also  supported  by 
the  RS  data  displayed  in  Fig.  7.  The  two  typical  active  modes  of 
disordered  graphite;  the  D-mode  at  1350  cm-1  and  the  G-mode  at 
1580  cm-1  are  present  in  both  fresh  and  cycled  anode  samples.  The 
D-mode  is  attributed  to  in-plane  domain  size  effects  [38—40].  As 
shown  in  Fig.  7  the  relative  intensity  of  the  D-mode  remains  almost 
unchanged  before  and  after  cycling.  Such  a  feature  does  not  conflict 
with  possible  enhanced  stacking  order  of  the  graphene  layers  upon 
repetitive  lithium  intercalation  and  de-intercalation.  In  such  a 
process  graphene  layers  glide  on  each  other  to  form  AA  stacking  in 
LiC6  from  initial  ABAB  and  ABCABC  stacking  in  hexagonal  and 
rhombohedral  graphite,  respectively.  Repetitive  layers  gliding  upon 
cycling  may  end  up  healing  the  stacking  defects  in  the  starting 
graphite  anode  material,  therefore,  improving  crystallinity  as  re¬ 
ported  in  Refs.  [41,42]. 

3.3.2.  LCO  cathode 

Fig.  8a  shows  XRD  patterns  of  the  LCO  cathode  before  (A)  and 
after  1000  cycles  (B)  and  Fig.  8b  and  c  focus  on  areas  around  the  003 


Fig.  7.  Raman  spectra  of  graphite  anode  material  taken  from  a  fresh  LIB  cell  and  from  a 
1000  cycle  cell. 
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and  the  104  peaks,  respectively.  Upon  cycling  both  the  003  and  104 
peaks  shifted  to  lower  angles  and  broadened.  Moreover,  the  003 
peak  split  into  two  peaks. 

The  crystal  structure  effect  of  long  cycle  aging  is  stronger  in  LCO 
than  in  graphite.  A  shift  in  the  003  and  104  peaks  position  to  lower 
angles  should  come  from  lithium  deficiencies  in  discharged  LCO. 
Ideally,  the  LCO  composition  should  vary  between  LiiCo02  and 
Li~o.5Co02  in  discharge  and  charge  states,  respectively.  As  lithium 
de-intercalates  from  LiiCo02  to  form  Lii_*Co02  during  charge,  the 
c-parameter  of  the  hexagonal  LCO  phase  expands  while  the  a- 
parameter  varies  a  little,  causing  the  003  and  104  peaks  to  shift 
towards  lower  angles  43-47].  In  the  charged  state  at  4.2  V,  the  LCO 
composition  is  about  Lio.5Co02.  During  the  next  discharge  lithium 
re-intercalates  into  LCO.  However,  because  active  lithium  is  irre¬ 
versibly  lost  during  the  SEI  formation  and  in  residue  in  the  anode, 
LCO  becomes  lithium  deficient  at  the  end  of  discharge,  causing  the 
shift  in  the  003  and  the  104  peaks. 

On  the  other  hand  the  splitting  in  two  of  the  003  peak  shown  in 
Fig.  8b  should  be  due  to  the  irreversible  conversion  of  hexagonal 
LCO  to  cubic  spinel.  Such  a  conversion  is  thermodynamically 
favored  in  the  charged  (de-lithiated)  state  [48,49].  As  a  matter  of 
fact,  the  RS  data  displayed  in  Figs.  9A  and  8B  on  LCO  sample  before 
and  after  aging  give  evidence  of  the  spinel  formation.  Fig.  9A  shows 
the  two  typical  active  modes  of  the  hexagonal  LCO  O3  phase  (R3m 
symmetry)  E £  and  A\g  modes  at  595  cm-1  and  486.7  cm-1, 
respectively  [48,50,51  ].  Upon  cycling  a  new  peak  appears  around 


Fig.  8.  X-ray  diffractograms  of  LCO  cathode  material  taken  from  a  fresh  LIB  cell  and 
from  a  1000  cycle  cell;  full  spectrum  (a),  003  peak  are  (b)  and  104  peak  area  (c). 


Fig.  9.  Raman  spectra  of  LCO  cathode  material  taken  from  a  fresh  LIB  cell  and  from  a 
1000  cycle  cell. 


700  cm-1  as  shown  in  Fig.  9B.  The  later  is  characteristic  of  A\g  mode 
in  spinel  LCO  (Fd3m  symmetry)  [28,30,52  .  Moreover,  E j)  both  and 
A^g  modes  shifted  to  lower  frequencies  and  broadened  in  the  cycled 
sample.  This  denotes  a  weakening  of  the  Li-0  and  M-0  lattice 
bond  energy  as  hexagonal  LCO  gradually  converts  into  spinel  via  a 
cation  mixing  mechanism  [47]. 

4.  Conclusion 

The  effect  of  long  cycling  of  graphite  anode  and  LCO  cathode 
based  LiB  cells  on  the  discharge  performances  and  thermody¬ 
namics  properties  has  been  investigated.  We  found  the  energy 
output  decreased  quasi-linearly  with  the  cycle  number  at  a  rate  of 
~  0.094%  per  cycle.  The  OCP  vs.  SOC  profiles  are  not  affected  by  the 
cycle  number,  except  at  0%  and  5%  SOC  values.  Large  differences 
appeared  in  the  entropy  and  enthalpy  profiles  vs.  both  SOC  and  OCP 
upon  cycling  compared  to  OCP  vs.  SOC  data.  The  most  pronounced 
changes  in  entropy  and  enthalpy  data  took  place  around  75%,  85% 
and  90%  SOC  and  around  3.95  V,  4.05  V  and  4.075  V  OCP,  respec¬ 
tively.  These  particular  SOC  and  OCP  areas  are  associated  with 
crystal  structure  transformations  taking  place  in  the  LCO  cathode. 
At  ~5%  SOC  where  the  effect  of  the  anode  on  thermodynamic 
properties  is  expected  to  be  more  important,  there  is  no  significant 
change  in  entropy  and  enthalpy  data,  suggesting  that  the  anode 
remained  basically  unaffected  by  cycling. 

XRD  and  Raman  scattering  performed  on  anode  and  cathode 
before  and  after  1000  cycles  provided  evidence  for  resilience  of  the 
anode  towards  extended  cycling  at  ambient  temperature.  This 
strongly  contrasts  with  the  LCO  cathode  structure,  which  was  found 
to  irreversibly  degrade,  therefore  controlling  the  decay  in  the  LiB 
cells  electrochemical  performances. 
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